Cancer development and chemo-resistance are often due to impaired functioning of the p53 tumor suppressor through genetic mutation or sequestration by other proteins. In glioblastoma multiforme (GBM), p53 availability is frequently reduced because it binds to the Murine Double Minute-2 (MDM2) oncoprotein, which accumulates at high concentrations in tumor cells. The use of MDM2 inhibitors that interfere with the binding of p53 and MDM2 has become a valid approach to inhibit cell growth in a number of cancers; however little is known about the efficacy of these inhibitors in GBM. We report that a new small-molecule inhibitor of MDM2 with a spirooxoindolepyrrolidine core structure, named ISA27, effectively reactivated p53 function and inhibited human GBM cell growth in vitro by inducing cell cycle arrest and apoptosis. In immunoincompetent BALB/c nude mice bearing a human GBM xenograft, the administration of ISA27 in vivo activated p53, inhibited cell proliferation and induced apoptosis in tumor tissue. Significantly, ISA27 was non-toxic in an in vitro normal human cell model and an in vivo mouse model. ISA27 administration in combination with temozolomide (TMZ) produced a synergistic inhibitory effect on GBM cell viability in vitro, suggesting the possibility of lowering the dose of TMZ used in the treatment of GBM. In conclusion, our data show that ISA27 releases the powerful antitumor capacities of p53 in GBM cells. The use of this MDM2 inhibitor could become a novel therapy for the treatment of GBM patients.
Introduction
Glioblastoma multiforme (GBM) is the most common and aggressive brain tumor in humans, and despite technical advances in neurosurgery and clinical neuro-oncology, the prognosis for GBM patients remains very poor [1] [2] [3] [4] [5] [6] [7] [8] . Most patients die within one year of diagnosis and are generally insensitive to current therapeutic genotoxic interventions [1] [2] [3] [4] [5] [6] [7] [8] . In the majority of GBM cases, resistance to such genotoxic modalities has been attributed to the attenuation of p53 function by alterations within the p53 signalling axis, including the overexpression of Murine Double Minute-2 (MDM2) [9] [10] [11] [12] [13] . The MDM2 oncoprotein, a major physiological negative regulator of p53, can bind to the p53 transactivation domain and interfere with the transcriptional regulatory mechanisms of p53 [9] [10] [11] [12] [13] . MDM2 is also an E3 ubiquitin ligase that promotes p53 proteasomal degradation. For this reason, inhibition of the interaction between MDM2 and p53 to reactivate endogenous p53 activity offers the opportunity for therapeutic intervention, particularly in GBMs. In GBMs, the p53 gene is relatively infrequently mutated; however, wild-type p53 remains dysfunctional due to overexpressed MDM2 [9, 10] .
Intensive work on different classes of MDM2 inhibitors has proven their therapeutic utility as activators of p53 in multiple tumor models [14] [15] [16] [17] . Indeed, it has been demonstrated that a number of small-molecule MDM2 inhibitors can disrupt the MDM2-p53 interaction, release p53 from negative control and activate the p53 pathway, leading to cell cycle arrest and apoptosis in a number of solid cancers and haematological malignancies [14] [15] [16] [17] . Moreover, many laboratories have shown that MDM2 inhibitors can synergise with conventional chemotherapeutic agents, resulting in enhanced efficacy [18] [19] [20] [21] [22] . Interestingly, MDM2 inhibitors have been reported to induce cancer cell apoptosis even without the concomitant application of genotoxic stimuli [17, 18, 20] . Little is known about the effects of MDM2 inhibitors on the in vitro growth of GBM cells. Recently, Nutlin-3, the first potent MDM2 small-molecule inhibitor identified [23] , and new D-peptide derivatives [14, 24] were reported to be effective at inhibiting GBM cell growth in vitro [14, 24, 25] , suggesting the validity of this experimental approach for the treatment of GBM.
In the present study, we investigated the responsiveness of human GBM cell lines to a novel small-molecule MDM2 inhibitor with a spirooxoindolepyrrolidine core structure, named ISA27, which has been recently shown by nuclear magnetic resonance (NMR) analysis to efficiently dissociate the reconstituted human MDM2-p53 complex [26] . Consistently, ISA27 activated the p53 pathway in GBM cells and elicited the dose-and time-dependent inhibition of cell growth. ISA27 induced apoptosis and evoked cellular senescence, indicating that ISA27 promotes a pleiotropic anticancer effect in the GBM cells. The administration of ISA27 in vivo efficiently inhibited tumor growth in nude mice bearing a human GBM xenograft. Significantly, ISA27 was non-toxic both in vitro in a normal human cell model and in vivo in a mouse model.
Materials and Methods

Materials
ISA27 was synthesised as previously reported [26] . Nutlin-3, carbonylcyanide-m-chlorophenylhydrazone (CCCP), Nonidet P-40 (NP-40) and cycloheximide (CHX) were obtained from SigmaAldrich, Milano, Italy. Propidium iodide (PI) and the fluorescent dye, 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide (JC-1) were obtained from Molecular Probes, Invitrogen, Milano, Italy. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay kit was from Promega Italia, Milano, Italy. The RNeasyH Mini Kit was from Qiagen, Milano, Italy and the ProtoScriptH cDNA Synthesis Kit was obtained from Biolabs, Euroclone, Milano, Italy. The mitochondrial fractionation Active MotifH Kit was purchased from Active Motif, Rixensart, Belgium and the Platinum Human Cytochrome C ELISA was obtained from Bender MedSystems GmbH, Vienna, Austria. Antibodies against p53 (FL-393) and MDM2 (C-18) were from Santa Cruz Biotechnology.
GBM Cell Line Culture and Preparation of Cells from Peripheral Blood
The U87MG, T98G and U343MG cell lines were obtained from the National Institute for Cancer Research of Genoa (Italy), American Type Culture Collection (USA) and Cell Lines Service GmbH (Germany), respectively. Each cell line was monitored for DNA profiling. The U87MG and T98G cells were cultured in RPMI medium and Minimum essential medium Eagle, respectively, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ mL penicillin, 100 mg/mL streptomycin and 1% non-essential amino acids at 37uC in 5% CO 2 . The U343MG cells were cultured in Minimum essential medium Eagle with 2 mM Lglutamine and Earle's BSS adjusted to contain 1.5 g/L sodium bicarbonate and supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 1% non-essential amino acids and 1.0 mM sodium pyruvate at 37uC in 5% CO 2 .
Mononuclear cell preparation was performed according to the method of Boyum [27] . The final cell pellet was suspended in complete RPMI 1690 media supplemented with 15% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin. To evaluate cell populations, random cell samples (n = 7) were employed for flow cytometric analysis.
Cell Treatments
The human GBM cells were seeded at 5,000 cells/cm 2 . After 24 h, the culture medium was replaced with fresh medium containing MDM2 inhibitor solubilised in DMSO for the indicated incubation times. DMSO was added to control cells (,1% v/v). For short-term treatment (up to 24 h), GBM cells were incubated with increasing concentrations or a fixed concentration of MDM2 inhibitor corresponding to the concentration that inhibited 50% (IC 50 value) of GBM cell survival/growth; for longterm treatment (up to 5 days), U87MG cells and lymphomonocytes were incubated with 2.5 mM ISA27 or 10 mM Nutlin-3.
Analysis of p53 Protein Stabilisation
Following GBM cell treatment with MDM2 inhibitor, stabilisation of the p53 protein was evaluated as previously described [28] [29] [30] . Briefly, GBM cells were treated with DMSO (control) or MDM2 inhibitor for 4, 6, 8 and 12 h and then lysed for 60 min at 4uC by adding RIPA buffer (9.1 mM NaH 2 PO 4 , 1.7 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.4, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS and a protease inhibitor cocktail). Equal amounts of cell extracts (40 mg) from MDM2 inhibitortreated and untreated cells were diluted in Laemmli solution, resolved by SDS-PAGE (8.5%), transferred to PVDF membranes and probed overnight at 4uC with a primary anti-p53 (FL-393, 1:500) antibody. The primary antibody was detected using antirabbit IgG light chains conjugated to peroxidase (diluted 1:10,000). The peroxidase was detected using a chemiluminescent substrate (ECL, Perkin Elmer). Western blot analysis was also performed using lysates from MDM2 inhibitor-treated and untreated GBM cells in the absence and presence of the protein synthesis inhibitor CHX (50 mM).
The relative quantification of p53 mRNA was performed by real-time reverse transcription polymerase chain reaction (realtime RT-PCR) as previously described [31] in MDM2 inhibitortreated and untreated GBM cells. In brief, total RNA was isolated using the RNeasyH Mini Kit. The purity of the RNA samples was determined by measuring the absorbance at 260:280 nm. cDNA synthesis was performed with 500 ng of RNA using the QuantitectH reverse transcriptase kit. The primers used for the RT-PCR were designed to span intron/exon boundaries to ensure that products did not include genomic DNA (see Table 1 ). The RT-PCR reactions consisted of 12.5 mL of BrilliantH II SYBRH Green premix, 2.5 mL of both the forward and reverse primers (at a 10 mM concentration), 3 mL of cDNA and 4.5 mL of H 2 O. All reactions were performed for 40 cycles using the following temperature profiles: 98uC for 30 seconds (initial denaturation); 55uC for 30 seconds (annealing) and 72uC for 3 seconds (extension). b-actin was used as the housekeeping gene. PCR specificity was determined using both a melting curve analysis and gel electrophoresis, and the data were analysed by the standard curve method. p53 mRNA levels for each sample were normalised against b-actin mRNA levels, and relative expression was calculated using the Ct value. The amount of p53-MDM2 complex was determined using coimmunoprecipitation experiments; U87MG cells were treated with DMSO (control) or 2.5 mM ISA27 or 10 mM Nutlin-3 for 8 h. One milligram of cell lysates, obtained as described above, was precleared with protein A-Sepharose (1 h at 4uC) to precipitate and eliminate IgG. Samples were then centrifuged for 10 min at 4uC (14,0006g). The supernatants were incubated with an anti-MDM2 antibody (5 mg/sample) overnight at 4uC under constant rotation and then immunoprecipitated with protein A-Sepharose (2 h at 4uC). After washing, the immunocomplexes were resuspended in Laemmli solution and boiled for 5 min, resolved by SDS-PAGE (8.5%), transferred to PVDF membranes and probed overnight at 4uC with primary antibodies to p53 (FL-393, 1:500) or MDM2 (C-18, 1:500) as described above.
Relative mRNA Quantification of p53 Target Genes
The relative mRNA quantification of p53 target genes was performed by real-time RT-PCR as described above. Specific primers for amplification of p21, MDM2 and PUMA mRNA were designed to include intron/exon boundaries and are reported in Table 1 . Figure 1 . ISA27 inhibits the growth/survival of GBM cell lines expressing wild-type p53. GBM cells with wild-type p53 (U87MG, U343MG) were exposed to a range of ISA27 or Nutlin-3 concentrations for 24 h. After incubation, GBM cell viability was determined by MTS assay. A and B) Effect of ISA27 on the growth/survival of GBM cell lines expressing wild-type p53: curves for U87MG and U343MG cell samples were generated using a sigmoidal dose-response curve model (GraphPad Prism 4 software) from which the IC 50 values were derived. ISA27-treated cells (.), Nutlin-3-treated cells (&); C) Effect of ISA27 on the growth/survival of the GBM T98G cell line expressing mutant p53: T98G cells were incubated with increasing concentrations of ISA27 or Nutlin-3 (ranging from 1 mM to 25 mM), and cell viability was measured after 24 h by MTS assay. ISA27-treated cells (.), Nutlin-3-treated cells (&). The results are expressed as the percentages of cell viability with respect to the vehicle-treated sample for each cell line; the viability of the vehicle-treated sample was arbitrarily set at 100%. Points, means of three independent experiments performed in duplicate; bars, SEM. doi:10.1371/journal.pone.0072281.g001
Cell Survival/growth Analysis
The effects of MDM2 inhibitor treatment on U87MG cell survival/growth were determined by MTS conversion and Trypan blue exclusion assays [32, 33] . The MTS assay was used to establish the MDM2 inhibitor concentration that inhibited 50% (IC 50 value) of GBM cell survival/growth after 24 h of treatment and was performed according to the manufacturer's instructions. Sigmoidal dose-response curves were generated using GraphPad Prism 4 software (GraphPad Software Inc., San Diego, CA), from which the IC 50 values were derived. Trypan blue dye exclusion was used to examine the long-term effects of MDM2 inhibitor treatment on U87MG cell and lymphomonocyte viability at the indicated times.
Cell Cycle Analysis
Cell cycle analysis was performed by flow cytometry (FACSCalibur flow cytometer, Becton Dickinson, USA) [32, 34] . Briefly, after treatment, detached and trypsinized adherent cells were collected by centrifugation at 2006g for 5 min. Pellets were gently suspended in 500 ml of a hypotonic fluorochrome solution [PI 50 mg/ml in 0.1% (w/v) sodium citrate plus 0.01% (v/v) NP-40 and 10 mg/ml DNase-free RNase in bi-distilled water]. After incubation in the dark at 37uC in 5% CO 2 for 30 min, cell samples were stored on ice and analysed for DNA content on a logarithmic scale by flow cytometry. Ten thousand events per sample were acquired. The percentage of PI-stained untreated and MDM2 inhibitor-treated cells was measured in each cell cycle phase using the ModFit LT software program.
Cellular Senescence Assays
The senescence marker, Senescence-associated beta-galactosidase (SA-b-Gal), was detected as previously described [35] , and the cells were then washed in PBS (16) and photographed at 1006 magnification. Images from random light microscopic fields (5 fields per well) were captured, and the cells were counted using ImageJ software (ImageJ Software, version 1.41o; USA). The average cell size was assessed using the Scepter 2.0 handheld automated cell counter (Millipore, Billerica, MA, USA). 
Analysis of Apoptotic Parameters
Mitochondrial membrane potential (Dym). Changes in Dym were assessed using the fluorescent dye, JC-1, as previously described [32, 34] , and fluorescence was analysed by fluocytometry. As a positive control, a cell pellet was incubated with the uncoupling agent, CCCP (50 mM).
Cytosolic cytochrome C release from mitochondria. The cytosolic fraction from untreated and MDM2 inhibitor-treated cells was obtained using the Active MotifH mitochondrial fractionation kit according to the manufacturer's instructions. The cytosolic protein content was determined as previously described [36] , and the cytochrome C content was determined using the Platinum Human Cytochrome C ELISA. The minimum detectable dose of cytochrome C was 0.05 ng/mL. DNA fragmentation analysis. DNA fragmentation was estimated by evaluating PI staining of DNA using FACS. The percentage of apoptotic cells was estimated as previously described [32, 34] . The percentage of cells in the sub-G0 fraction was determined using the ModFit LT software program.
siRNA Mediated Inhibition of p21 Gene Expression
The p21siRNA and control siRNA were obtained from Santa Cruz Biotecnology (Heidelberg, Germany). The p21siRNA was transfected with siRNA transfection reagent to a final concentration of 50 nM, following the manufacturer's protocol. In parallel Figure 3 . ISA27 induces the stabilisation of p53 protein levels by decreasing the interaction of p53 with MDM2 in GBM cells. A and B) Effect of ISA27 on p53 gene expression: U87MG and U343MG cells were treated with ISA27 or Nutlin-3 for 6, 12 and 24 h. After incubation, the relative quantification of p53 mRNA was performed by real-time RT-PCR. In U87MG cells, p53 mRNA levels did not change within 12 h of cell treatment; in U343 MG cells, p53 mRNA levels did not change during any of the incubation times. 3C) ISA27 sustains p53 protein expression in the presence of CHX: U87MG cells were incubated with 50 mM CHX alone or CHX in combination with ISA27 or Nutlin-3 for 0.5, 1, 2, 4 and 6 h. After incubation, cell lysates were used for Western blot analysis. One representative Western blot is presented for each cell treatment. The inhibition of protein synthesis by treatment with CHX alone blocked p53 protein expression after a 4-h treatment. ISA27 extended the stability of p53 in the presence of CHX. 3D) ISA27 reduces MDM2-p53 complex formation: U87MG cells were incubated with ISA27 or Nutlin-3 for 8 h followed by immunoprecipitation using an anti-MDM2 antibody. The MDM2-p53 complex and the relative input of the proteins were detected by immunoblot; a significant reduction in MDM2-p53 complex formation was shown in U87MG cells following 8 h of treatment with ISA27. doi:10.1371/journal.pone.0072281.g003 to each silencing experiment, an ineffective sequence of RNA has been used as negative control. Transfected cells were used 36 h after siRNA transfection. The silence efficacy was verified by both real time PCR and Western blotting analysis. For Western blotting analysis, U87MG cells were lysed and proteins, resolved by SDS-PAGE electrophoresis, were probed with an anti-p21 antibody (H164, sc-756, Santa Cruz Biotecnology). After p21 genetic inhibition, we incubated U87MG cells with ISA27 for 24 h and assessed cell viability, cell cycle profile, Dym and phosphatidylserine externalization (PE). The measurement of PE was performed by the Muse TM Cell Analyzer using the fluorescent dyes Annexin V and 7-AAD. Annexin-V is used as a probe to detect cells that have expressed phosphatidylserine on the cell surface. 7-AAD is excluded from viable cells, since it does not pass through intact cell membranes. We simultaneously measured the expression of phosphatidylserine on the cell surface and the cellular plasma membrane permeabilization. Briefly, both floating and adherent treated cells were collected, centrifuged at 3006g for 5 minutes and suspended in cell culture medium. Then, a 100 ml aliquot of cell suspension (about 50000 cell/ml) was added to 100 ml of fluorescent reagent and incubated for 10 minutes at room temperature. After the incubation period, the percentages of living, apoptotic and dead cells were acquired and analysed by Muse Cell Analyzer in accordance to the Millipore guidelines.
In vivo Study Design
Experiments were performed in accordance with NIH guidelines for animal use using 6-week-old BALB/c immunoincompetent nude mice (Charles River). All animals had access to food and water ad libitum. For tumor formation, a suspension containing 2610 6 U87MG cells in 200 ml of culture medium were injected subcutaneously in the dorsal side of nude mice as previously described [37] . Animals were anaesthetised using 2% isofluorane. We used mice that developed tumors approximately 6 mm in size in 2 weeks. Mice were divided into 3 groups (5 mice/group) and given intra-tumoral or intra-peritoneal injections of the specific treatment (ISA27) twice a week for 2 weeks. In particular, 1 group received intra-tumoral injections of ISA27 at a dosage of 3 mg/kg, and another group received intra-peritoneal injections of 5 mg/kg of the drug; the control group received intra-tumoral or intraperitoneal injections of saline solution. Tumor growth was measured by caliper twice a week, and volumes were calculated using the formula, V = A6B 2 /2, where A and B are the major and minor axes, respectively, of the tumor. At the end of the treatment period, mice were sacrificed by cervical dislocation, and the tumors were extracted and photographed.
Tumor tissues were examined for cell proliferation and apoptosis by immunohistochemistry and Western blotting analysis. Immunohistochemistry and Paraffin embedded sections were processed for the triple layered immunocytochemical peroxidase anti-peroxidase (PAP) method. Proliferating Cell Nuclear Antigen (PCNA, HPA030522; SigmaAldrich) and cleaved caspase 3 (ab52293; Abcam) antiserum were used as cell proliferation and apoptosis marker, respectively. The peroxidase was revealed in presence of 0.03% hydrogen peroxide and of an electron donor, 2.5% diaminobenzidine, which becomes visible as a brown precipitate. For negative controls, the primary antiserum was omitted. Sections were then viewed with an Eclipse E1000 Fluorescence Microscope (Nikon) and acquired using Sigma Scan Pro software (Jandel). The expression of PCNA and cleaved caspase 3 was measured from digital images using a dedicated software (NIH ImageJ64). For Western blotting analysis, tissues were homogenized in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 M NaCl, 0.25% SDS, 0.25% Sodium Deoxycholate, 1 mM EDTA, pH 7.5), containing 1% of the Proteinase inhibitor Cocktail (Sigma P8340), and centrifuged at 10.0006g for 10 min. Equal amounts (100 mg) of the supernatants were diluted in Laemmli solution, resolved by SDS-PAGE (12.5%), transferred to PVDF membranes and probed overnight at 4uC with primary antibodies speciphic for caspase 3 (sc-7148, Santa Cruz Biotechnology, 1:100) or phospho-H3 (sc-12927, Santa Cruz Biotechnology, 1:200).
Tumor tissues were examined to determine p53 activation by Western blot analysis and real-time RT-PCR. For Western blotting analysis, tissues were processed as above described and probed with antibodies against p53 or p21. For real-time RT-PCR analysis, about 20 mg of each tissue's sample was used for total RNA isolation and retro-transcription as reported for cell samples. Primers for p21, MDM2 and PUMA are reported in Table 1 . For the toxicity assay, Masson trichrome staining was performed on paraffin sections from the liver, kidney and lung of mice treated with intra-peritoneal injections of ISA27 and control mice as previously described [38] .
Isobolar Analysis
A graphical assessment of synergy with regard to growth inhibition was performed using isobolographic analysis [39, 40] . In an isobologram, the equi-effective pairs of doses of two drugs (ISA27 and Temozolomide) are represented using rectangular coordinates. In the present study, the dose of ISA27 required to give a 50% effect was plotted on the abscissa, and the iso-effective dose of Temozolomide was plotted on the ordinate. The theoretical additive effect of the two drugs was represented by the straight line connecting the two points. If the experimentally determined data points and their confidence interval fall on this line, the drug effects are additive (no interaction). If the points lie below this line, there is superadditivity (synergy), and if the points lie above this line, there is subadditivity (antagonism).
To determine whether the interaction between the two drugs was synergistic, additive or antagonistic, the theoretical additive IC 50,add was estimated from the dose-response curves of each drug administered individually, considering that the observed effect with the combination was the sum of the individual effects of each component. The theoretical IC 50,add value was then compared with the experimental IC 50,mix to determine whether there was a statistically significant difference [41] . The interaction index, denoted by c, is an assessment of the degree of synergism or antagonism. The index is defined by the isobolar relationship as follows [42] : c = a/A+b/B where A and B are the doses of drug A (alone) and B (alone) that give the specified effect, and (a,b) are the combination doses that produce the same effect. The quantities in the equation are obtained from the dose-response curves of drugs A, B, and their combinations. If c = 1, the interaction is additive; if c ,1, the interaction is super-additive (synergy); and if c .1, the interaction is sub-additive (antagonism).
Statistical Analyses
The nonlinear multipurpose curve-fitting program, GraphPad Prism, was used for data analysis and graphic presentations. All data are presented as the means 6 SEM. Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni's corrected t-test for post-hoc pair-wise comparisons. The densitometric analysis of immunoreactive bands was performed using the ImageJ program. For in vivo experimental data, a two-way ANOVA was performed to compare the different parameters among the different groups. P,0.05 was considered statistically significant.
Results
Short-term ISA27 Treatment Inhibits GBM Cell Growth/ survival
To examine the effects of ISA27 [26] (see Fig. 1 for chemical structure) on GBM cell growth/survival, the concentration at which this molecule inhibited 50% of cell growth/survival (IC 50 value) after 24 h of treatment was assessed. We used U87MG and U343MG cell lines that overexpress MDM2 and maintain wildtype p53 [43] . ISA27 showed a dose-dependent inhibitory effect on the growth/survival of U87MG and U343MG cells with IC 50 values of 2.560.4 and 5.760.9 mM, respectively (the same cell treatment with Nutlin-3 used as a control gave a value of 10.062.1 and 22.064.6 mM, respectively) ( Fig. 1A and B) . We also used the GBM cell line T98G, which expresses mutant p53 [43] , as a negative control for the effect of ISA27 on GBM cell viability. Treatment of T98G cells with ISA27 did not significantly reduce cell growth/survival, showing approximately 80% of viable cells at the maximum tested concentration (25 mM) (Fig. 1C) . The treatment of T98G cells with Nutlin-3 gave a similar result (Fig. 1C) .
Short-term ISA27 Treatment Stabilises p53 Levels and Restores p53 Function in GBM Cells Expressing Wild-type p53
We first examined the effect of ISA27 on the levels of p53 in the GBM cells, U87MG and U343MG. Incubation of the GBM cells with ISA27 for 4, 6, 8, and 12 h led to a time-dependent increase in p53 protein levels (Fig. 2) . The accumulation of p53 became significant after 6 hours of treatment, reaching its highest level after 8 h (Fig. 2) . Nutlin-3 induced a significant accumulation of p53 protein after 8 h and 12 h of treatment (Fig. 2) .
MDM2 inhibition is hypothesised to stabilise p53 protein levels by reducing MDM2-mediated p53 degradation. However, p53 stability could also be the result of enhanced transcription of the p53 gene and subsequent p53 protein translation. To confirm that the accumulation of p53 was due to the decreased interaction of p53 with MDM2 rather than elevated p53 expression, we treated GBM cells with ISA27 and monitored the levels of p53 mRNA, p53 protein in the presence of the protein synthesis inhibitor, cycloheximide (CHX), and the MDM2-p53 complex. The transcription of p53 gene did not change in the GBM cells within 12 h of treatment ( Fig. 3 A and B) , and p53 protein levels persisted even in the presence of CHX (Fig. 3C) . Specifically, the inhibition of protein synthesis upon treatment with CHX alone led to a marked decrease in p53 protein expression over time. In ISA27-treated cells, blocking protein synthesis led to an overall increase in p53 protein expression (Fig. 3C) . To test the ability of ISA27 to disrupt the intracellular MDM2-p53 interaction, a co-immunoprecipitation assay was done. Only minimal amounts of p53 could be detected in MDM2 immunoprecipitates after 8 h of treatment in GBM cells (Fig. 3D) . All together these results indicate that ISA27 is able to induce p53 up-regulation by blocking MDM2-p53 interaction. Short-term ISA27 treatment of U87MG cells led to a statistically significant increase in the mRNA levels of p53 target genes; specifically, a 4.3-and 4.5-fold induction of MDM2 and p21 mRNA, respectively, was observed (Fig. 4A) . These results suggested that stabilisation of p53 in ISA27-treated GBM cells led to an increase in MDM2 and p21 mRNA levels in a manner that was consistent with the activation of the p53 pathway. Nutlin-3 treatment resulted in a 2.3-and 4.3-fold induction of MDM2 and p21 mRNA, respectively, in U87MG cells (Fig. 4A) .
One of the main cellular consequences of p53 activation in proliferating cells is cell cycle arrest at the G1/G2-phase, and the cyclin-dependent kinase inhibitor p21 plays a major role in this arrest. In accord with these data, cell cycle analysis by cytofluorimetric DNA content analysis revealed an increase in the G1 fraction and a nearly complete depletion of S-phase cells after short-term treatment with ISA27 or Nutlin-3 (Fig. 4B ).
Long-term ISA27 Treatment Leads to the Complete Inhibition of Cell Survival/growth in U87MG GBM Cells, but not in Normal Human Lymphomonocytes
A substantial decrease in U87MG cell survival/growth was observed after one day of treatment, and the decrease continued at each subsequent time point until almost all viable cells were depleted after 5 days (Fig. 5) .
We also examined the effect of ISA27 on the viability of normal human lymphomonocytes. Flow cytometry was performed to evaluate cell populations isolated from blood samples of healthy individuals. As shown in the scatter cytogram in Fig. 6A , the two cell populations were clearly visible (G2 = 74.0% lymphocytes; G3 = 14.2% monocytes). As shown in Fig. 6B , ISA27-treated lymphomonocytes were still viable at 48 h. Nutlin-3 treatment showed a similar lack of cytotoxicity in normal peripheral blood cells (Fig. 6B) . 
Long-term ISA27 Treatment Leads to Permanent Cell Cycle Arrest and Apoptosis in U87MG GBM Cells
First, we analysed cell cycle profiling and p21 mRNA levels after long-term ISA27 treatment. ISA27 treatment of U87MG cells for 24 h effectively arrested cell-cycle progression, depleted the Sphase population (p,0.05) and increased the G0/G1-phase population (p,0.05). Treatment for 72 h depleted the S-phase population and increased the G2-phase population (p,0.01) (Fig. 7A) . A persistent induction of p21 mRNA was observed, suggesting that the major transcription target of activated p53 was involved in the cell cycle arrest (Fig. 7B) . Nutlin-3 arrested cellcycle progression in U87MG cells 24 and 72 h after treatment, depleting the S-phase compartment and increasing the G0/G1-phase compartment (Fig. 7A) .
To elucidate whether ISA27 induced permanent cell cycle arrest (cellular senescence), we evaluated whether ISA27 promoted a morphological change in U87MG cells (i.e., large and flat cells) that was compatible with senescence and whether the widely used senescence marker, SA-b-Gal, could be detected in ISA27-treated Next, to assess whether U87MG cells could resume growing after ISA27 removal, culture medium was replaced with fresh medium not containing ISA27 after 4 days of cell treatment, and the viable cells were assessed after 1, 2 and 3 days. After ISA27 removal, the number of viable cells further decreased at these time points with respect to control samples, suggesting the inability to recover normal cell growth (Fig. 9) .
To investigate whether ISA27 induced apoptosis, the following parameters were evaluated: dissipation of mitochondrial potential Evaluation of ISA27 effect on cell viability. p21 siRNA samples were exposed to a range of ISA27 concentrations for 24 h. After incubation, U87MG cell viability was determined by MTS assay. The IC50 value was 3.660.5 mM for random siRNA ISA27 sample. Transfection of U87MG cells with p21 siRNA rendered ISA27 much less effective to inhibit cell viability. C) Evaluation of ISA27 effect on cell cycle in p21 siRNA sample: random siRNA and p21siRNA samples were exposed to a fixed dose of ISA27 (5 mM) or DMSO for 24 h. The ISA27-treated random siRNA sample showed the increase of G1 phase compared to random siRNA sample. The comparison of cell cycle phases between p21 siRNA and ISA27-treated p21 siRNA sample did not show statistically significant differences. doi:10.1371/journal.pone.0072281.g012 (DYm), cytosolic cytochrome c content, PUMA mRNA levels and DNA fragmentation.
A decrease in DYm was indicated by a reduction in orange JC-1 aggregate fluorescence (recorded by the FL2 channel of the flow cytometer) accompanied by a concomitant increase in green JC-1 monomer fluorescence (recorded by the FL1 channel). Representative examples of the flow cytometric analysis are shown in Fig. 10A . The majority of untreated cells (99%) showed high fluorescence emission in both channels and were found in the upper right (UR) quadrant of the plot. The remaining untreated cells (1%) showed low fluorescence emission in FL2 and were therefore found in the lower right (LR) quadrant. Upon ISA27 treatment, an increase was observed in the percentage of the cells plotting in the LR quadrant, consistent with DYm dissipation. In particular, significant changes in DYm were observed after treatment for 24 and 48 h (8.5% and 31%, respectively; P,0.05) as shown in Fig. 10B .
Real time RT-PCR analysis showed that ISA27 treatment led to a statistically significant increase in PUMA mRNA at 24 and 48 h compared with the control (Fig. 11A) . Figure 11B shows that ISA27-treated cells exhibited a 25% increase in cytochrome c in the cytosolic fraction compared with the control.
DNA-specific PI staining showed that treatment with ISA27 caused a significant increase in the percentage of cells with hypodiploid DNA content, a clear sign of apoptosis, as shown in the representative frequency histograms (Fig. 11C) . In particular, the percentage of apoptotic cells (sub-G0 cells) observed after exposure of U87MG cells to ISA27 for 72 h increased to 17.761.27% (P,0.001), whereas that of the control was 0.4360.05%. Nutlin-3 treatment did not give statistically significant results after the indicated incubation times for these apoptotic parameters (Fig. 11B and C) with the exception of increased PUMA mRNA levels after treatment for 72 h (Fig. 11A) .
To explore the role of p21 in the ISA27-induced cell effects, we analysed cell viability, cell cycle profile and apoptosis markers in ISA27-treated U87MG cells in which p21 was genetically inhibited. First, to verify p21 down-regulation by siRNA, the levels of p21 mRNA and protein were evaluated in U87MG cells transfected with p21 siRNA after 24 and 48 h. The Fig. 12 shows that p21 protein (Fig. 12A) and mRNA (Fig. 12B) were effectively down-regulated post 24 h p21 siRNA transfection. For subsequent Figure 13 . siRNA against p21 made ISA27 unable to induce DYm dissipation and PE. Random siRNA and p21siRNA samples were exposed to a fixed dose of ISA27 (5 mM) or DMSO for 24 h. A) Evaluation of ISA27 effect on the DYm in p21 siRNA samples. The ISA27-treated random siRNA sample showed dissipation of DYm compared to random siRNA sample. The comparison of DYm between p21 siRNA and ISA27-treated p21 siRNA sample did not show statistically significant differences. Upper panel shows representative dot plots of untreated and ISA27-treated random or p21siRNA samples. B) Evaluation of ISA27 effect on PE in p21 siRNA samples. The ISA27-treated random siRNA sample showed a statistical significant increase of early and late apoptosis compared to random siRNA sample. The comparison of early and late apoptosis between p21 siRNA and ISA27-treated p21 siRNA sample did not show statistically significant differences. doi:10.1371/journal.pone.0072281.g013 experiments, we down-regulated p21 and incubated U87MG cells with ISA27 for 24 h. In p21 siRNA sample, ISA27 failed to reduce U87MG cell viability (Fig. 12 B) and arrest cell cycle (Fig. 12 C) . Furthermore, DYm flow cytometry and Annexin V FITC analysis showed that p21 down-regulation made ISA27 unable to effectively induce mitochondrial potential dissipation (Fig. 13A ) and phosphatidylserine externalization (PE) (Fig. 13B ) in U87MG cells.
Effects of ISA27 on GBM Cell Growth in vivo
In nude mice, the injection of 2610 6 U87MG cells into the dorsal lateral region resulted in the development of an ,6 mmdiameter tumor in 2 weeks in approximately 70% of the mice. Tumors were treated with an intra-peritoneal and intra-tumoral injection of ISA27. After 14 days of treatment, the mice were sacrificed, and internal organs were removed for histological analysis. Fig. 14 shows that both intra-peritoneal and intratumoral treatments retarded tumor growth (Fig. 14) . The in vivo treatment with ISA27 inhibited cell proliferation and induced apoptosis in tumor tissues. Specifically, the immunohistochemical and Western blot analysis showed that the injection of ISA27 increased levels of the apoptosis marker cleaved-caspase-3 and reduced levels of the proliferation markers PCNA and phosphorylated histone H3 (Fig. 15A and B) . To show that the antitumor effect of ISA27 is caused by activation of the p53 pathway we analysed the level of p53 and p53-regulated genes in ISA27-treated U87MG xenografts. Western blot analysis revealed accumulation of p53 that was accompanied by up-regulation of p21 in tumors from ISA27-treated mice but not vehicle controls (Fig. 16A) . Real-time RT-PCR data confirmed these findings and further showed that p53 accumulation induced by ISA27 was accompanied by up-regulation of MDM2, p21 and PUMA mRNA in tumor tissues (Fig. 16B) . These experiments are consistent with the hypothesis that the in vivo antitumor effect of ISA27 is derived from activation of the p53 pathway.
Finally, we tested the safety of the in vivo administration of ISA27 in healthy nude mice. There were no significant changes in body weight among treated and control groups of mice, indicating no toxicity of the treatment (data not shown). Internal organs (liver, lung, kidney) were then analysed by histology. No morphological differences were found in treated mice compared with controls (Fig. 17) .
Synergism between ISA27 and the Conventional Chemotherapeutic Drug, Temozolomide
Because both MDM2 inhibitors and genotoxic drugs use the p53 pathway, they may synergise to promote cytotoxic activity in GBM cells that retain p53 function. To this end, we investigated the effect of combining doses of ISA27 with the currently used genotoxic drug, temozolomide (TMZ). Based on the IC 50 values for ISA27 and TMZ alone, the theoretical additive IC 50 ,add values for ISA27 and TMZ were calculated for three fixed ratios (1:80, 1:150, 1:1,000) (Fig. 18) . Furthermore, the experimental IC 50,mix values were determined for the same fixed-ratio combinations in the viability assay (Fig. 13) . The IC 50,add and the IC 50 ,mix values are shown in Table 2 . Statistical analysis of the data from isobolographic analysis revealed synergistic interactions between ISA27 and TMZ for the three examined fixed-ratio combinations (Table 2 ; Fig. 18 ). Furthermore, the interaction index values of the combinations demonstrated the following rank of potencies: 1:80.1:1,000.1:150 (ISA27:TMZ).
Discussion
The direct and specific activation of the p53 pathway without inducing collateral DNA damage offers a tantalising solution to the shortcomings of current therapeutic regimens and appears to be a reasonable approach for GBM therapy in view of the infrequent occurrence of p53 gene mutations [9, 10] . The cumulative evidence of aberrantly increased activity of the primary p53 inhibitor MDM2 in GBM [11, 12] prompted us to examine the effects of targeted inhibition of the MDM2-p53 interaction by the spiro-oxindole analogue ISA27, a recently described smallmolecule inhibitor of MDM2 [26] . Little is known about the effects of MDM2 inhibitors on the in vitro growth of GBM cells. Recently, Nutlin-3, the first potent small-molecule inhibitor of MDM2 [23] , was reported to be effective at inhibiting GBM cell growth in vitro [25] , suggesting the validity of this experimental approach for the treatment of GBM.
In this study, we investigated whether ISA27 affected the growth of GBM cells and explored the intracellular events following ISA27 treatment. The U87MG and U343MG cell lines overexpress MDM2 and maintain wild-type p53 [43] [44] [45] and were chosen as a cell culture model of human GBM. In these cell lines, the primary mechanism of p53 inactivation is the high nuclear MDM2 levels caused by a lack of PTEN, a tumor suppressor protein that normally counteracts MDM2 translocation into the nucleus [46] . The lack of PTEN makes these cell lines a suitable representative model of GBM, as the loss of the PTEN gene locus has been found in up to 80% of GBM cases [9, 10, 13] . ISA27-treated tumors show increased cleaved caspase 3 levels and reduced cell proliferation. Cleaved caspase 3 and PCNA levels in tumors were quantified from digital images. Results are shown in graph as percent of cleaved caspase 3 and PCNA expression respect to controls (*P,0.05 vs control). B) Western blotting analysis: apoptosis and cell proliferation were evaluated by analysis of cleaved caspase 3 and phosphorylated histone H3 (pH3) levels by Western blotting in whole lysates of tumors using specific antibodies. Densitometric analysis shows that ISA27 induced a significant increase in cleaved-caspase-3 levels and a significant reduction in pH3 levels (*P,0.05 vs control). doi:10.1371/journal.pone. 0072281.g015 This is the first report to demonstrate that ISA27 is a potent inhibitor of GBM cell growth. Previous studies have shown that ISA27 activates p53, resulting in growth inhibition in HEK-293 transformed human embryonic kidney, M14 human melanoma and U937 human monocyte lymphoma cell lines [26] . Our results demonstrate that ISA27 blocks the cell cycle and triggers an apoptotic cell death program in the GBM cells, responses that are similar to those obtained in human M14 melanoma cells.
We observed a dose-dependent antiproliferative effect of ISA27 in U87MG and U343 cells following short-term treatments (24 h) with increasing ISA27 concentrations (the IC 50 values of ISA27 were 2.560.4 mM and 5.760.9 mM in U87MG and U343 MG cells, respectively). The specificity of the antiproliferative effects was demonstrated by the accumulation of the p53 protein due to the decreased interaction between p53 and MDM2 and the restoration of p53 function in GBM cells after ISA27 treatment. The reactivation of p53 was suggested by the transcriptional activation of the primary target genes of p53, MDM2 and CDKN1A. The CDKN1A gene encodes the cyclin-dependent kinase inhibitor p21, an essential mediator of p53-induced cell cycle arrest. Exponential growth of U87MG cells was significantly inhibited following long-term ISA27 treatment. The number of viable cells was substantially reduced after 1 day of ISA27 treatment, and this reduction reached almost total growth inhibition after 5 days. Kinetic analyses of the ISA27-induced intracellular effects showed that the decrease in viable cells was mainly due to a G1-phase cell cycle block and cellular senescence during the initial phase of ISA27 treatment. However, apoptotic parameters, such as the dissipation of mitochondrial membrane potential, began to appear. Prolonged ISA27 exposure caused a further decline in viable cells due to a G2-phase cell cycle block and apoptosis. Notably, the remaining cells did not recover normal growth following removal of ISA27, suggesting the irreversible impairment of mechanisms regulating cell cycle progression.
By analysing U87MG gene expression and apoptotic parameters in response to ISA27, we identified the upregulation of the PUMA gene, which is involved in mediating the apoptotic response of p53, including mitochondrial potential dissipation, cytochrome c release into the cytoplasm and DNA fragmentation, all features that are consistent with apoptotic cell death. The genetic inhibition Figure 16 . ISA27 activates p53 in vivo. Tumors were harvested from mice of different ISA27 treatment groups (IP = intraperitoneal treatment; IT = intratumor treatment), processed to obtain cell lysates for Western blot and total RNA for real-time RT-PCR analysis. A) Western blot analysis showed up-regulation of p53 and p53 transcriptional target p21 in tumors from ISA27 IT group and up-regulation of p53 in tumors from ISA27 IP group. In this group, the increase of p21 was near to significance. B) Real-time RT-PCR analysis showed a statistically significant increase in MDM2, p21 and PUMA mRNA levels in tumors from ISA27 IT and IP groups. doi:10.1371/journal.pone.0072281.g016 of p21 using siRNA abrogated the effects of ISA-27 on cell cycle arrest, suggesting a crucial role of p21 in the cell growth inhibition induced by ISA27. Furthermore, the down-regulation of p21 made ISA27 unable to induce significantly mitochondrial potential dissipation and phosphatidylserine externalization, suggesting an important role of p21 in ISA27-mediated effects. To the best of our knowledge, no data are available about molecular p21 involvement in MDM2 inhibitor effects except in p21-downregulated pancreatic cancer cells, in which the block of the apoptotic potential by the MDM2 inhibitor MI-319 has been demonstrated [19] .
The in vitro antitumor activity of ISA27 was confirmed in vivo using GBM U87MG cell xenografts in nude mice. ISA27 treatment of mice bearing tumors 600 mm 3 in size resulted in approximately 85% inhibition of tumor growth relative to vehicle controls.
It is important to note that the long-term treatment with Nutlin-3 in vitro effectively inhibited U87MG cell growth. The primary cellular response to Nutlin-3 was permanent cell cycle arrest that continued until the end of the treatment period. Only in the final stage of treatment did signs of apoptosis begin to appear, as indicated by high levels of PUMA mRNA. This finding is consistent with literature that has reported U87MG cell apoptosis after Nutlin-3 treatment for 96 h [25] .
It is not clear how Nutlin-3 and ISA27 stimulate cellular responses with different kinetics in U87MG cells. Cellular Figure 17 . ISA27 is not toxic to normal tissues. Two weeks from the start of the treatment, mice were sacrificed, and internal organs were removed for histological analysis. Masson trichrome staining was performed on liver, kidney and lung tissues from treated and control mice. No morphological differences were found in the treated mice compared with the controls. doi:10.1371/journal.pone.0072281.g017 responses with different kinetics have been recently shown for ISA27 and another small molecule, 10d, in the M14 human melanoma cell line [26] . Treatment with ISA27 for 24 h induced both cell cycle arrest and apoptosis, whereas 10d caused cell cycle arrest only. In U87MG cells, the ability of ISA27 to promote a cell cycle block in combination with apoptosis could be attributed to the more rapid accumulation of p53 protein levels during treatment with respect to Nutlin-3 treatment. The rapid ISA27-induced increase in p53 protein could find a more favourable cellular environment to efficiently activate p53 function as indicated by the induction of MDM2 and proapoptotic PUMA gene transcription. This rapid ISA27-induced antiproliferative response may be beneficial in the treatment of human GBM, considering that this cancer is characterised by rapid cell growth. Additionally, a lower dose of ISA27 was efficacious when compared with Nutlin-3. The implication of this result can be illustrated from the recent Phase I study that showed the clinical efficacy of the MDM2 inhibitor, JNJ-26854165, in patients with advanced solid tumors, but at elevated doses, some toxic effects were reported [47] . For example, lymphopoenia was observed in the majority of the patients, and more than 20% experienced grade 3 or 4 severity [47] . In this context, the ability of ISA27 to maintain the viability of human lymphomonocytes is of particular interest. A selective toxic effect of MDM2 inhibitors on cancer cells has been shown by other authors using a number of normal cell models. It has been demonstrated that Nutlin-3 is not toxic to peripheral blood mononuclear cells, bone marrow-derived haematopoietic progenitors and bone marrow stromal epithelial cells [48] [49] [50] . The administration of ISA27 in vivo stimulated p53 activation in the xenograft model of human GBM, resulting in inhibition of cell proliferation and induction of apoptosis. ISA27 showed antitumor activity without causing visible signs of toxicity in the animals as assessed by necroscopy and body weight assessment. These results are in agreement with previous in vivo studies performed with Nutlin-3 and other MDM2 inhibitors [51, 52] .
The precise mechanism of cell death resistance in normal cells remains unclear. The resistance may be a consequence of the low basal expression levels of the MDM2 oncoprotein in normal cells. Thus, following cell treatment with the MDM2 inhibitor, the amount of p53 protein dissociated from MDM2 and accumulated would not be sufficient to trigger cell death. In contrast, tumor cells overexpress MDM2, which sequesters high amounts of p53. Consequently, after blocking the interaction between these two proteins, the high accumulation of p53 renders the cells highly susceptible to p53 reactivation and more sensitive to apoptosis [52] .
From a therapeutic perspective, it is interesting that ISA27 in combination with the conventional chemotherapy drug TMZ inhibited U87MG cell growth. This combination worked in a synergistic manner as confirmed by isobolographic analysis (c ,1 in all cases). This result suggests the possibility of lowering the dose of TMZ used in the treatment of GBM.
In conclusion, our data show that ISA27 disrupts the MDM2-p53 interaction and releases the powerful antitumor capacities of p53 in GBM cells. The use of this MDM2 inhibitor could offer a novel therapy for the treatment of GBM patients by inhibiting tumor growth. 
